Methamphetamine (METH) is a powerful and highly addictive stimulant that affects the central nervous system of users in the United States and worldwide, and its consumption is associated to the acquisition of HIV and AIDS-related infections. METH enhances cryptococcosis in mice, an opportunistic infection caused by the encapsulated fungus Cryptococcus neoformans. Due to its ability to survive within macrophages, C. neoformans is an ideal model to study pathogen-macrophage interactions. METH abrogates normal macrophage function, which might contribute to the higher rate and more rapid progression of infections in drug abusers. Hence, we investigated the role of complement and specific IgM to C. neoformans capsular polysaccharide on the function of J774.16 macrophage-like cells after exposure to METH. We found that complement and IgM significantly promotes complement-mediated phagocytosis of C. neoformans by J774.16 cells in comparison to co-incubation with complement alone. IgM enhances the expression of complement receptor 3 on the surface macrophages treated with the drug. Also, IgM-increased macrophage phagocytosis of C. neoformans may be associated with upregulation of GTPase-RhoA, a key regulator of the actin polymerization signaling cascade. Fungal cells incubated with complement and IgM in the presence of METH demonstrated higher number of cells per aggregate, a possible explanation for their enhanced ingestion by phagocytes. IgM increased killing of yeast cells by macrophages by inhibiting the alkalization of the phagosome and stimulating the intracellular production of nitric oxide. Together, our findings suggest that IgM stimulates the effector functions of macrophages against opportunistic pathogens in the setting of drug abuse.
Introduction
Methamphetamine (METH) is a major public health and safety problem in the United States and globally. METH is a strong addictive central nervous system (CNS) stimulant that alters judgment and reduces inhibitions, leading people to engage in unsafe activities [1] . The transmission of HIV [1, 2] hepatitis B and C [3] , and other communicable diseases are possible consequences of METH use. These infectious diseases can be spread via contaminated paraphernalia used by multiple people who inject the drug [4, 5] . METH is also associated with high-risk sexual behavior and high rates of HIV acquisition among homosexual and bisexual men [1, 2] . METH consumption may facilitate brain and systemic HIV replication [6] [7] [8] and undermine the effectiveness of antiviral therapies even after optimal adherence [9] . In addition, METH addicts infected with HIV have more pronounced neuronal injury and cognitive impairment compared to HIV infected non-users [10, 11] .
The encapsulated fungus Cryptococcus neoformans is acquired by inhalation and responsible for approximately 1 million cases annually of meningoencephalitis and 600,000 deaths worldwide, primarily in HIV-infected individuals [12] . The major capsular polysaccharide of C. neoformans, glucuronoxylomannan (GXM), is abundantly released during infection in tissue resulting in a variety of immunosuppressive effects such as impaired antibody responsiveness and cell-mediated immunity [13] . Interestingly, structural analysis of the capsular polysaccharide of METH-exposed cryptococci revealed that the drug alters the carbohydrate composition of this virulence factor, an event of adaptation to external stimuli that can be advantageous to the fungus during pathogenesis [14] . Similarly, METH enhances C. neoformans pulmonary infection and dissemination into the CNS of mice by stimulating fungal adhesion, GXM release, and biofilm formation in the lungs [14, 15] . Furthermore, recent cases of disseminated cryptococcosis have been associated with intravenous drug users without HIV infection suggesting that drug abuse may exacerbate the infection [16] .
The interaction of C. neoformans with alveolar macrophages is critical for containing the infection in the lungs [17] . Fungal phagocytosis by macrophages in HIV patients with cryptococcosis is mediated by complement receptors [18] . However, the efficiency of complementmediated opsonization varies, depending on the localization of the complement component 3 (C3) on the surface of C. neoformans [19] . Complement receptor 3 (CR3, CD11b/CD18) is an opsonic receptor that recognizes complement fragment C3bi deposited on the fungal surface resulting in the uptake of the fungus [20] . Passive administration of capsule binding IgM has shown to be important in host response against C. neoformans [21] , including phagocytosis [22] . Although METH impairs fungal phagocytosis [23] , the effect of METH on complementmediated phagocytosis or the additive role of IgM in this process has not been yet investigated. C. neoformans is an excellent model organism for the study of host-pathogen interactions in the setting of METH due to the availability of tools such as specific antibodies, cell lines, and animal systems [14, 15] .
METH is an immunosuppressive agent to phagocytic cells as it alkalizes normally acidic organelles within immune cells and inhibits antigen presentation [24] . After phagocytosis, C. neoformans can also replicate intracellularly and escape macrophages through lytic and nonlytic exocytosis [25] . The fungus has a unique and dynamic intracellular pathogenic strategy that involves cytoplasmic accumulation of polysaccharide-containing vesicles and intracellular replication leading to the formation of spacious phagosomes in which multiple cryptococcal cells are present [26] . Here, we evaluated the role of complement and specific IgM to C. neoformans capsular polysaccharide on J774.16 macrophage-like cell function after co-incubation with METH.
Materials and methods

C. neoformans
C. neoformans strain H99 (serotype A; isolated and kindly provided by John Perfect at Duke University) was inoculated in Sabouraud dextrose broth (Becton Dickinson) and incubated at 30°C for 24 h in a rotary shaker set at 150 rpm (Thermo Fisher).
Rationale for METH doses used in studies
Controlled studies indicated that a single 260 mg dose peaks at a level of 7.5 μM [27] . Thus, a single dose of 260 mg would be expected to produce 7.5 to 28.8 μM blood METH levels. Intravenous drug users tend to self-administer METH in binges, and as the drug exhibits a halflife of 11.4 to 12 h, this can lead to higher drug levels [24, 25] . Binge patterns of use in individuals have shown that the fourth administration of 260 mg during a single day produced blood levels of 17 μM and could reach 20 μM on the second day of such a binge [27] . Thus, binge doses of 260 to 1000 mg produce 17 to 80 μM blood METH levels and levels in the micromolar range of hundreds in organs, including the brain and the spleen [28] . Therefore, we selected~25 to 50 μM METH to perform our experiments.
2.3. Phagocytosis assay using J774.16 macrophage-like cells J774.16 is a well-characterized murine macrophage-like cell line that originated from a murine reticulum cell sarcoma and has been extensively used to study C. neoformans-macrophage interactions [26, 29] . J774.16 cells were incubated in 96-well microtiter plates in the absence or presence of METH (25 or 50 μM; Sigma) for 2 h.
Cytochalasin D (Cyt D; 25 μM; Sigma) is a potent inhibitor of actin polymerization and was used as a positive control. Monolayers of macrophage-like cells were washed thrice with phosphate-buffered saline (PBS) or feeding medium [Dulbecco's Modified Eagle's Medium (Mediatech) supplemented with 10% heat-inactivated fetal calf serum (Atlanta Biologicals), 10% NCTC-109 (Gibco), and 1% nonessential amino acids (Mediatech)], respectively, followed by the addition of preincubated cryptococci with complement alone (25% murine serum, Sigma), monoclonal antibody (mAb) 12A1 (anti-cryptococcal GXM (IgM) generated and generously provided by Arturo Casadevall at Johns Hopkins Bloomberg School of Public Health; 2 μg/mL), and combination of complement and mAb 12A1 in a macrophage:yeast ratio of 1:10. The plates were incubated for 2 h at 37°C. The monolayer coculture was washed 3 × with PBS to remove nonadherent cells, giemsa stained, fixed with cold methanol, and viewed with light microscopy with use of an Axiovert 200 M inverted microscope (Carl Zeiss) at a magnification of 400 ×; images were collected using an AxioCam MrC digital camera using the Zen 2011 digital imaging software (Carl Zeiss). The phagocytic index was determined to be the number of internalized yeast cells per number of 100 macrophages per well. Internalized cells were differentiated from attached cells by the presence in a well-defined phagocytic vacuole.
Fluorescence microscopy
For immunofluorescence studies after treatment with METH and incubation with complement, IgM, or combination, slides were coated with poly-L-lysine (0.1 mg/mL; Sigma), and 10 6 yeast cells were allowed to air dry on slides so that organisms adhered. MAb 18B7 (anti-GXM (IgG 1 ) generated and provided by Arturo Casadevall; 2 μg/ mL) was added in buffer (PBS with 1% bovine serum albumin; Sigma). FITC-labeled goat anti-mouse-IgG 1 (Southern Biotech) was added at 2 μg/mL after application of unconjugated mAb. All incubations were done at 37°C for 30 min, and slides were washed 3× with PBS between each application of reagents. Slides were washed again with PBS, 30 μL of mounting medium (0.1 M n-propyl gallate-50% glycerol in PBS; Sigma) was added, and coverslips were placed. The slides were then viewed using fluorescence as described above to determine the number of cell aggregates per field and the number of yeast cells per aggregate. Finally, fluorescent images were recorded.
Killing assay
J774.16 macrophage-like cells were first allowed to phagocytize C. neoformans H99 cells for 2 h using the same conditions as described above. Each well containing interacting cells was gently washed with feeding medium 3× to get rid of fungal cells that were not phagocytize and incubated with feeding medium and either PBS (untreated), METH (25 or 50 μM), or Chloroquine (Chlq; 25 μM), a weak base and a wellknown inhibitor of endosomal acidification for 24 h [30] . Macrophagelike cells were lysed by forcibly pulling the culture through a 27-gauge needle 5-7 ×. A volume of 100 μL of suspension containing cryptococci was aspirated from the wells, transferred to a microcentrifuge tube with 900 μL of PBS. For each well, serial dilutions were performed and plated in triplicate onto Sabouraud dextrose agar plates, which were incubated at 30°C for 48 h. Quantification of viable cryptococcal cells was determined by colony forming units (CFU).
Measurement of phagosomal pH
J774.16 macrophage-like cells were incubated with C. neoformans as described in the killing assay. Prior to fluorometry the monolayers were rinsed with ice-cold 10 mM phosphate buffer at pHs ranging from 4.0 to 7.0. The fluorescence was determined on a Synergy HT spectrofluorimeter (BioeTek) at both 450 nm and 490 nm excitation wavelengths and an emission wavelength of 515 nm. After the fluorescence of the intact phagosomes had been determined, the phagosomes were permeabilized with 0.1% Triton X-100 (Sigma). The fluorescence of phagosomes permeabilized in different pH buffers was used to generate a pH curve from which the pH of intact phagosomes was determined.
Nitric oxide (NO) determinations
NO produced in the supernatants of macrophages treated with PBS (untreated), Chlq, or METH was quantified 24 h after incubation with C. neoformans using a Griess method kit (Cayman Chemical), according to the manufacturer's protocol. Additionally, macrophages were treated with aminoguanidine (AG; Sigma) as a control because it inhibits both constitutive and inducible NO synthase (iNOS). NO production was monitored by measuring the optical density at 540 nm using a microtiter plate reader (OD540; BioeTek).
Western blot analysis
To further explore the impact of METH on J774.16 phagocytosis and nitric oxide production after interaction with C. neoformans, we assessed macrophage CD11b, CD18, RhoA, and iNOS expression. Western blot analysis was conducted using cytoplasmic extracts made by NE-PER Nuclear and Cytoplasmic Extraction kit (Thermo Fisher). The mixture was centrifuged at 10,000 g for 10 min at 4°C and the resulting protein content of the supernatant was determined using the Bradford method employing a protein assay kit (BioRad). Lysates were preserved in protease inhibitor cocktail (Roche) and stored at − 20°C until use. The supernatant was added with a sample buffer containing 1.6% sodium dodecylsulphate, 5% glycerol, 0.1 M dithiothreitol, 0.002% bromphenol blue and 62.5 mM TRIS-HCl (pH 6.8). The mixture was then heated to 100°C for 5 min. Fifty-five micrograms of protein was applied to each lane of a gradient gel (10%, BioRad). After electrophoresis at a constant 130 V/gel, the proteins were transferred to a polyvinylidene fluoride (PVDF) membrane (BioRad, 0.2 mm), and briefly stained with Ponceau S (Sigma) to verify efficient transfer of the protein. The PVDF membrane was incubated for 1 h at 37°C in a blocking solution containing 5% non-fatty dry milk, 0.04 M TRIS-HCl, pH 7.6, 0.8% NaCl and 0.5% Tween 20, followed by an overnight incubation at 4°C with a mouse monoclonal anti-CD11b (dilution 1:1000; Southern Biotech), CD18 (dilution 1:1000; BD), RhoA (dilution 1:1000; BD), or iNOS (dilution 1:3000; Abcam) antibodies and with subsequent addition of peroxidase linked anti-mouse secondary IgG antibody diluted (1:5000; Southern Biotech) in the blocking solution. Protein bands were detected and quantified with a lumino image analyzer (GE Typhoon 8600) after staining with chemiluminescence detection reagents (Thermo Fisher). Quantitative measurements of individual band intensity in western blot analyses for CD11b, CD18, RhoA, and iNOS were performed using Image J software (US National Institutes of Health). GAPDH, a cytoplasmic housekeeping protein, was used as a loading control to determine the relative intensity ratio. The levels of expression of CD11b, CD18, and RhoA were measured by determining the relative intensity ratios. Individual band intensities from the western blot in C were quantified using Image J software (US NIH). GAPDH was used to determine the relative intensity ratios shown in C. For panels B and D, bars represent the means of multiple measurements and error bars denote standard deviations (SDs). Symbols (*, #, ϕ, @) denote P-value significance (P < 0.0001) calculated using analysis of variance analysis (ANOVA) and adjusted by use of the Bonferroni correction. *, #, ϕ, and @ indicate significantly higher fungal phagocytosis than in macrophages from untreated, 25 µM cytochalasin D (CytD, an inhibitor of actin polymerization and phagocytosis), 25 and 50 µM METH groups, respectively. Crosses (X) indicate P-value significance (P < 0.0001) calculated using student's t-test analysis. The experiments were performed twice with similar results obtained.
Statistical analysis
All data were subjected to statistical analysis using Prism 7.0 (GraphPad Software). P values for multiple comparisons were calculated by analysis of variance (ANOVA) and were adjusted by use of the Bonferroni correction. P values for individual comparisons were calculated using student's t-test analysis. P values of < 0.05 were considered significant.
Results
Specific IgM to C. neoformans capsular polysaccharide and complement stimulates J774.16 macrophage-like cells phagocytosis of the fungus after co-incubation with METH
We investigated the role of complement and IgM in the phagocytosis of C. neoformans strain H99 by J774.16 macrophage-like cells in the presence of METH. Light microscopy images of J774.16 cells coincubated with 50 μM of METH, complement or complement + IgM, and C. neoformans demonstrated considerable difference in the uptake of the yeast cells (Fig. 1) . Macrophages incubated in the presence of complement and METH were surrounded by many cryptococci indicating impaired phagocytosis ( Fig. 1A; left panel) . In contrast, METHtreated J774.16 cells supplemented with complement + IgM displayed substantial phagocytized C. neoformans cells and small number of fungi in their surroundings ( Fig. 1A; right panel) . We quantitatively assessed the phagocytic indices of J776.14 cells treated with PBS (untreated), 25 μM CytD (phagocytosis inhibitor; positive control), or 25 and 50 μM METH and co-incubated with complement or complement + IgM and C. neoformans (Fig. 1B) . We did not observe any difference in fungal phagocytosis between untreated J774.16 cells incubated with complement or complement + IgM. We found that complement + IgM incubated with 25 and 50 μM METH significantly increased phagocytosis of yeast cells by J774.16 cells compared to cells incubated with complement alone (P < 0.0001) (Fig. 1B) . CytD inhibited cryptococcal phagocytosis by macrophages co-incubated with complement or complement + IgM (Fig. 1B) . Untreated macrophages co-incubated with complement opsonized fungal cells showcased higher phagocytosis than leukocytes treated with 25 or 50 μM METH (P < 0.0001) (Fig. 1B) . Untreated macrophages co-incubated with complement + IgM opsonized cryptococci demonstrated significantly higher fungal uptake than macrophages treated with CytD (P < 0.0001) but significantly lower phagocytosis than macrophages treated with METH (P < 0.0001) (Fig. 1B) . J774.16 macrophage-like cells treated with 50 μM METH and supplemented with complement + IgM showcased the highest engulfment and phagocytosis of C. neoformans cells (Fig. 1B) . Macrophages co-incubated with irrelevant or non-specific IgM showed similar phagocytic index to those observed in PBS-treated macrophages (data not shown).
Macrophages recognize C. neoformans via CR3 for phagocytosis and destruction of fungal cell, particularly in presence of IgM which enhances the localization of C3 to outer edge of the polysaccharide capsule [20] . We evaluated the involvement of specific IgM to C. neoformans capsular polysaccharide and complement in stimulating the phagocytic activity of J774.16 cells against C. neoformans in the presence of METH by assessing the changes in the expression of CR3 (CD11b/CD18) (Fig. 1C-D) . Western blot analysis revealed up-regulated expression of CD11b (25 μM METH) and CD18 (25 and 50 μM METH) relative to the other conditions (Fig. 1C) . Moreover, to test whether METH affected CR3-mediated phagocytosis protein expression cascade, we measured the expression of GTPase RhoA, a regulatory protein involved in the cascade for actin polymerization and formation of the phagocytosis pocket. We found that 50 μM METH significantly increases the expression of RhoA in J774.16 cells co-incubated with complement and IgM, therefore, stimulating fungal internalization compared with the other conditions (Fig. 1C) . Relative intensity ratios indicate a significant increase in the expression of CD11b, CD18 and RhoA in the cells exposed to 50 μM METH (P < 0.0001). Interestingly, 25 μM METH treated cells only showed a marked increase in the expression of CD18 domain of CR3 (P < 0.0001) whereas CytD has no impact in the expression of CR3 molecules or RhoA (Fig. 1D) . These findings suggest that during METH use and infection, IgM may stimulate complement-mediated fungal elimination by phagocytic cells.
Specific IgM to C. neoformans capsular polysaccharide and complement promotes fungal cell aggregation during incubation with METH
Since we found that anti-capsular IgM enhances complementmediated phagocytosis of C. neoformans by J774.16 cells in the setting of METH, we examined the role of this isotype in microbial aggregation under these conditions (Fig. 2) . We incubated yeast cells with 25 μM METH alone (control), METH + specific IgM (IgM), METH + complement (complement), and METH + complement + specific IgM (complement + IgM) for 2 h and fluorescent microscopy was performed to For panels B and C, the number of cell aggregates per field and cells per aggregate was assessed after co-incubation of fungi with METH alone or METH with complement, IgM, or complement + IgM. Bars represent the means of multiple measurements and error bars denote SDs. Symbols (*, #, ϕ, @) denote P-value significance (P < 0.0001) calculated using ANOVA and adjusted by use of the Bonferroni correction. *, #, ϕ, and @ indicate significantly higher than control, complement, IgM, and complement + IgM groups, respectively. The experiments were performed twice with similar results obtained.
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International Immunopharmacology 49 (2017) [77] [78] [79] [80] [81] [82] [83] [84] document the number of cell aggregates per field and cells per aggregates. Only clusters of ≥ 3 cryptococci were considered and counted as aggregates. C. neoformans cells incubated with METH showed mainly budding cells or small number (~3) of cells per aggregate (~4) dispersed throughout the field ( Fig. 2A-C ). Fungi incubated with irrelevant IgM showed similar cell distribution and arrangement to those observed in the control group (data not shown). Yeast cells incubated with complement or IgM exhibited the highest number of cell aggregates per field and showed statistical significance relative to control (P < 0.0001) and complement + IgM (P < 0.0001) groups ( Fig. 2A-B) . However, the number of cells per aggregate in fungal cells incubated with IgM was higher than in complement-treated cryptococci (P < 0.0001) (Fig. 2C) . Although the number of cell aggregates per field in the complement + IgM groups was similar to those observed in the control group (Fig. 2B) , C. neoformans cells cultured with complement + IgM showcased the highest number of cells per cluster (Fig. 2C) . Our results indicate that combination of complement and IgM promotes aggregation of C. neoformans and phagocytosis of the fungus.
Specific IgM to C. neoformans capsular polysaccharide and complement prevent METH-induced alkalization of phagosomes in J774.16 cells resulting in killing of the fungus
METH causes alkalization of the phagosome in primary macrophages impairing the killing of yeast cells [23] . We explored whether capsule-specific IgM to C. neoformans and complement prevented METH-induced alkalization of phagosomes in macrophage-like cells resulting in killing of the fungi (Fig. 3) . Chlq (pH 7.09) and METH (25 μM, pH 7.25; 50 μM, pH 7.34)-treated macrophages incubated with complement demonstrated higher phagosomal alkalization than untreated (pH 4.7) cells (P < 0.0001) (Fig. 3A) . This suggests that complement alone is unable to stimulate macrophage intraphagosomal microbial killing in the setting of METH use. In contrast, untreated (pH 4.89) and METH (25 μM, pH 4.89; 50 μM, pH 5.42)-treated macrophages co-incubated with complement + IgM evinced reduced intraphagosomal pH relative to the Chlq (pH 7.44) control group (P < 0.0001) (Fig. 3A) . Notably, METH-induced alkalization of phagosomes was prevented in J774.16 cells by complement + IgM compared to cells incubated with complement alone (P < 0.01) (Fig. 3A) .
Given that complement + IgM prevented METH-induced intraphagosomal alkalization in macrophage-like cells, it is likely that this environment promotes C. neoformans killing, thus, we investigated this possibility. J774.16 cells incubated with complement and 50 μM METH or 25 μM Chlq demonstrated enhanced phagosomal proliferation of fungi relative to untreated macrophages (P < 0.01) (Fig. 3B) . Interestingly, macrophages incubated with complement + IgM showed similar increased fungal killing with 50 μM METH-or 25 μM Chlqtreated phagocytic cells displaying a more significant reduction compared to untreated controls (P < 0.01). Moreover, complement + IgM significantly inhibited METH or Chlq-induced proliferation of C. neoformans within the phagosome of J774.16 cells relative to cells incubated with complement alone (P < 0.0001) (Fig. 3B) . Taken together, our findings indicate that IgM maintains the phagosomal acidity in the presence of METH and stimulates the eradication of intracellular C. neoformans.
Specific IgM to C. neoformans capsular polysaccharide and complement stimulates nitric oxide (NO) production by macrophages after exposure to METH and fungal interaction
The generation of NO by iNOS has been implicated in the antimicrobial activity of activated macrophages against a variety of intracellular pathogens [31] . We investigated the impact of complement or complement + IgM on NO production by J774.16 cells after exposure to METH. NO levels were significantly reduced in the supernatants of complement-incubated leukocytes (Chlq and METH) when compared with untreated controls (P < 0.0001) (Fig. 4A) . In contrast, NO production ability of phagocytic cells incubated with complement + IgM and METH was not impaired whereas a significant reduction was observed in Chlq-treated J774.16 cells (P < 0.0001). A significant reduction in the levels of NO supernatants was observed in METHtreated cells incubated with complement compared to their complement + IgM counterparts (P < 0.01). Macrophage-like cells treated with aminoguanidine (AG), an inhibitor of iNOS, showed a substantial reduction in NO production compared to all the other groups regardless of the treatment (Fig. 4A) . The expression of iNOS was determined to confirm whether NO production by macrophages was affected by METH Fig. 3 . Specific IgM to C. neoformans capsular polysaccharide and complement prevent METH-induced alkalization of phagosomes in J774.16 cells resulting in killing of the fungus. Macrophages were first allowed to phagocytize C. neoformans H99 cells for 2 h. Each well containing interacting cells was gently washed to get rid of fungal cells that were not phagocytize and incubated with growing medium supplemented with either PBS (untreated), Chlq (25 μM), or METH (25 or 50 μM) for 24 h. (A) For phagosomal pH determinations, the pH of phagosomes of J774.16 macrophage-like cells that contain C. neoformans yeast labeled with pH-sensitive and pH-insensitive probes was measured using a spectrofluorometer after treatment with PBS (untreated), Chlq (25 μM), or METH (25 or 50 μM). Bars represent the means of five measurements and error bars denote SDs. Symbols (*, %) denote P-value significance (P < 0.0001) calculated using ANOVA and adjusted by use of the Bonferroni correction. * indicates significantly higher pH than in macrophages from untreated groups whereas % indicates significantly lower than in cells incubated with Chlq. Crosses (X) indicate P-value significance (P < 0.01) calculated using students t-test analysis. (B) For killing assay, phagocytic cells were lysed and fungal cells in the supernatant were plated and CFU were counted. Bars represent the means of four wells (three CFU counts per well) and error bars denote SDs. Symbols (*, & , ≠) denote P-value significance (P < 0.01) calculated using ANOVA and adjusted by use of the Bonferroni correction. * indicates significantly lower fungal killing than in macrophages from untreated groups. & , $, and ≠ indicate significantly higher cryptococcal killing than in cells incubated with PBS, 25 μM Chlq, and 25 μM METH, respectively. Crosses (X) indicate P-value significance (P < 0.0001) calculated using student's t-test analysis. For panels A and B, the experiments were performed twice with similar results obtained.
after incubation with complement or complement + IgM (Fig. 4B-C) . In the complement groups, we observed a significant reduction of iNOS expression in Chlq-treated macrophages when compared with untreated control cells (P < 0.0001). Similarly, a dose-dependent decrease of iNOS expression in METH-treated cells was apparent (Fig. 4B) and its quantification demonstrated a significant difference (P < 0.0001) (Fig. 4C) . We evinced a significant reduction of iNOS expression of macrophages incubated with complement + IgM and treated with 25 μM Chlq and 50 μM METH relative to the untreated and 25 μM METH groups (P < 0.0001) (Fig. 4B-C) . Complement and complement + IgM groups were compared under all the different conditions and only J774.16 cells incubated with AG and 25 μM METH showed a significant increase difference (P < 0.01) (Fig. 4B-C) . Since TNF-α mediates the induction of NO synthase in macrophages [32] , we assessed the levels of this pro-inflammatory cytokine in the supernatant of untreated and AG-, Chlq-, and METH-treated cells after interaction with C. neoformans. We found that the amount of TNF-α produced by J774.16 cells was proportional to the levels of NO (data not shown). This result was confirmed by using anti-TNF-α antibodies.
Discussion
METH abuse can alter biological processes and immune functions necessary for host defense [33, 34] . Antigen presenting cells play major roles as sentinels for first line alerts or as mediators that shape the adaptive immune response. METH at pharmacological concentrations exerts a direct immunosuppressive effect on dendritic cells and macrophages [23, 24] . Also, enhancement of HIV infection [1, 7, 8] and replication of the virus inside of macrophages [35, 36] are excellent examples of how METH can modify the pathogenesis of an infectious disease. Active METH-using HIV-infected persons have higher viral loads than those who never used the drug or recently used the drug [1] . METH use facilitates the acquisition of opportunistic infections in HIVinfected individuals [37, 38] . For instance, 40% of HIV-infected patients with history of METH use in Thailand are susceptible to infection with Mycobacterium tuberculosis [39] . In addition, we have demonstrated that METH enhances cryptococcosis and impairs the host immune response during C. neoformans infection, including the fungus ability to alter its polysaccharide capsule composition, extensively release polysaccharide, form biofilms in tissues, and invade the CNS [14, 15] . Thus, C. neoformans is an ideal model to investigate the effects of METH on the immune system, particularly due to the fungus closed interactions with macrophages [26, 29] .
We used J774.16 macrophage-like cells to evaluate the effects of METH in complement-mediated phagocytosis of C. neoformans in the presence of complement alone or complement supplemented with IgM. METH inhibited phagocytosis of the fungus by macrophages in the presence of complement alone. Accumulation of complement-opsonized yeast cells outside and closely to macrophages was observed suggesting the inability of these phagocytic cells to engulf the fungi. The efficacy of complement-mediated phagocytosis of C. neoformans is dependent on the location of C3 in the polysaccharide capsule [19] . When C3 localizes inside of the capsule C. neoformans is poorly phagocytized as opposed when it localizes at the edge of the capsule. Similarly, complement-mediated phagocytosis of C. neoformans depends on the volume of the capsule [19, 40] . For example, fungal cells with large capsule demonstrate low phagocytic indices whereas yeasts with small capsule are easily engulfed by phagocytes. Cryptococci incubated with METH produce a small capsule because the drug stimulates the release of the polysaccharide material to the extracellular milieu [14] . It is conceivable that complement binds to the polysaccharide released upon stimulation with METH resulting in less number of C3 molecules getting attached to the yeast cells and avoiding recognition by macrophages. Also, C. neoformans has the ability to modify its polysaccharide capsule components and cell surface charge in the presence of METH [14] which may cause formidable problems to the complement system.
Addition of IgM with complement to C. neoformans cells in the presence of METH resulted in enhanced phagocytosis. A previous study has shown that when encapsulated yeast cells are opsonized simultaneously with complement and antibody molecules, the immunoglobulin binds first and promotes C3 deposition at the edge of the capsule [22] . IgM facilitates C3 localization to the outer most layers of the capsule, modulates the classical complement pathway activation, and provides steric hindrance precluding C3 penetration into the inside of the capsule [22] . This is important because C3 localization determines the phagocytosis efficacy of C. neoformans by macrophages [19, 40] . Localizing C3 at the edge of the capsule may promote phagocytosis through C3-CR3 and C3-CR4 interactions, which does not occur in fungi incubated with complement alone. Since CR3 on the surface of macrophages recognize and bind to C3 attached to the outer edge of the capsular polysaccharide of C. neoformans [19, 20] , we evaluated the effect of METH on complement and capsular-specific IgM mediatedexpression of CR3 on the surface of these leukocytes. IgM enhances complement-mediated phagocytosis, and a notable increase in CD11b and CD18 expression which is an indication of CR3 involvement in the process and activation of the classical pathway [22] . In addition to the GAPDH was used as a control to determine the relative intensity ratio. For panels A and C, bars represent the means of multiple measurements and error bars denote SDs. Symbols (& , %, ≠, @) denote P-value significance (P < 0.0001) calculated using ANOVA and adjusted by use of the Bonferroni correction. & , %, ≠, and @ indicate significantly lower NO production and iNOS expression than in J774.16 cells incubated with PBS, Chlq, 25 and 50 μM METH groups, respectively. Crosses (X) indicate P-value significance (P < 0.01) calculated using student's t-test analysis. The experiments were performed twice with similar results obtained.
recognition of opsonized cryptococcal cells by CR3, this opsoninreceptor interaction stimulates downstream signaling resulting in the activation of GTPase-RhoA [41] , a key protein regulator of actin polymerization during the formation of the phagocytic pocket, thus, increasing fungal engulfment.
Antibodies, especially IgM, agglutinate or aggregate microbes by binding to epitopes on two or more cells simultaneously [42] . The pentameric structure of IgM provides ten Fab binding sites per molecule, making it the most efficient antibody for microbial aggregation. Since we found that anti-capsular IgM enhances complementmediated phagocytosis of C. neoformans by J774.16 cells in presence of METH, we explored the possibility that IgM may promote fungal aggregation as a mechanism to enhance this process. Indeed, IgM significantly increased yeast cell aggregation and this process was enhanced in presence of complement. Encapsulated pathogens become susceptible to phagocytosis when they are coated with IgM and complement that engages complement receptors on phagocytic cells, triggering microbial uptake. Phagocytosis by binding to complement receptors, which expression is not affected by METH, is particularly important early in the immune response, before isotype switched antibodies have been made. For instance, natural IgM production against C. neoformans is essential for controlling pulmonary infection and increases the phagocytosis of fungi by alveolar macrophages [43] . Capsular polysaccharides belong to the T-cell independent type 2 antigens and therefore can stimulate the early production of IgM antibodies. IgM is effective at activating the complement system and its binding to C. neoformans triggers opsonization of yeast cells by complement and their prompt ingestion and destruction by phagocytes bearing complement receptors.
The fate of microorganisms ingested by macrophages is dependent on phagosome acidification after fusion with lysosomal vacuoles. As a weak base, METH collapses the pH gradient across acidic organelles within macrophages, including lysosomes and associated autophagic organelles [24] . Interestingly, IgM prevents the alkalization of the phagolysosome and promotes the killing of C. neoformans within macrophages. IgM has been shown to modulate early intracellular acidification and fusion of the phagolysosome suggesting that it may neutralize the negative effects of METH [44, 45] . Also, even though C. neoformans is a facultative intracellular microbe, it is likely that IgM impairs the fungus replication and capsular polysaccharide release inside of the phagolysosome allowing leukocytes to keep the integrity of the structure, preventing the release of yeast cells either by lytic or nonlytic exocytosis, and thus, control the infection.
After phagocytosis, macrophages also produce toxic reactive species, such as NO, in response to pathogens within the phagosome. iNOS is important for the control of C. neoformans infection, as evidenced by exacerbation of infection in mice following inhibition of the enzyme or inactivation of the gene [46] . Impaired production of toxic reactive species might create an ideal environment for fungal survival, facilitating intracellular replication and regulation of the phagolysosomal milieu. iNOS catalyzes the production of NO through oxidation of Larginine on the cytosolic side of the phagosome membrane. NO thus synthesized subsequently diffuses into phagosomes where it can react with the mitochondrial respiratory chain and block electron transport as well as ATP biosynthesis [31] . We have previously shown that METH exposure significantly alters NO generation by murine macrophages [23] . Our data show that NO production is significantly increased in METH-treated J774.16 cells with cryptococci incubated with complement and IgM. In contrast, leukocytes with phagocytized yeast cells opsonized only with complement exhibited a reduction in NO production. Consistent with this, expression of iNOS was also significantly enhanced in phagocytic cells bearing the opsonized fungus with complement and IgM and exposed to METH suggesting the possibility that IgM might stimulate intracellular NO production and elimination of the fungus. Moreover, we observed a high TNF-α production by macrophages which accounts for the increased expression of iNOS since TNF-α directly acts in the activation of the enzyme [32] .
In conclusion, METH interferes with macrophage function during interaction with C. neoformans that can enhance the fungus persistence and proliferation. Addition of anti-capsular IgM to complement opsonized fungi enhances the effector functions of macrophages exposed to the drug, highlighting the potential of using passive antibody administration as a therapeutic to treat drug users afflicted with AIDS and/or opportunistic infections. It is likely that capsular-specific IgM levels are lower in drug users as it is the case in HIV-infected [47] [48] [49] or other type of immunocompromised individuals such as solid organ transplant recipients [50] . IgM deficiency is associated with increased vulnerability to pulmonary C. neoformans infection and reduced alveolar macrophage phagocytosis of the fungus, which can be restored with natural IgM administration in mice [43] . In fact, it is plausible to design future studies assessing the activity of macrophages and passive administration in the setting of METH abuse and infectious diseases using animal models which may help establish the translational potential of this additive therapy in humans. 
